A method to detect peptidoglycan and (1 + 3)-p-o-glucan with silkworm larvae plasma (SLP) derived from the hemolymph of the silkworm, Bombyx mori was developed. SLP contains all of the factors of the pro-phenol oxidase cascade, an important self-defense mechanism of insects. Peptidoglycan or (1 --) 3)-@D-ghCaU initiates the cascade, in which pro-phenol oxidase is finally activated to phenol oxidase. The phenol oxidase activity was calorimetrically or visually detected with 3,4dihydroxyphenylalanine as a substrate. SLP displayed high reactivity with peptidoglycan and polysaccharides containing 1,3-p-glucosidic linkages, but not with endotoxins. SLP is useful for the detection of microbial contamination because peptidoglycan and (1 + 3)-p-D-ghCaU are cell wall components of bacteria and fungi, respectively.
Introduction
of the plasma was shown to be activated by peptido-
The pro-phenol oxidase (proP0) cascade, which is present in insect hemolymph and cuticle, plays an important role in the defense mechanism of insects [ 1, 2] . Local melanization around microbial invaders in insects results from the activation of the prop0 in this cascade. This cascade is composed of a (1 + 3)-P-D-glucan recognition protein, a peptidoglycan recognition protein, 2,ymogens of serine proteases, proP0, and as yet unidentified factors. Ashida reported a method to collect intact plasma from silkworm larvae, Bombyx mori [3] . The prop0 cascade glycan-or (1 + 3)-P-D-glucan [3, 4] .
Peptidoglycan, a cell wall component of bacteria, has many kinds of biological activities such as immunoadjuvant activity and stimulation of macrophages [5] . Yeast and fungi have (1 + 3)-p-~-glucan in their cell wall. Detection of these cell wall components is important in clinical and pharmaceutical fields. Methods to detect (1 + 3)-P-D-glucan with Limulus amebocyte lysate, which is commonly used for the detection of bacterial endotoxins, have been reported [6, 7] . Since no method has been reported to detect intact peptidoglycan, the purpose of this study was to develop a method for detecting peptidoglycan and (1 -+ 3)-p-o-glucan using the prop0 cascade of silkworm hemolymph.
Materials and methods

Preparation of silkworm larvae plasma (SLP)
Hemolymph of 5 instar larvae of the silkworm, Bombyx mori, was collected according to the method of Ashida [3] . Alternatively, hemolymph was aseptically collected in the same volume of sterile saline containing 2 mM ( p-amidinophenyl)methanesulfonyl fluoride (Wako Pure Chemical Industries Ltd., Osaka, Japan). This hemolymph was centrifuged to remove hemocytes at 2000 X g for 15 min. We selected hemolymph which did not demonstrate phenol oxidase (PO) activity after the collection. The hemolymph was dialyzed against 0.1 M 3-( N-morpholino)propanesulfonic acid (MOPS) buffer, pH 6.5. Calcium chloride and 3,4-dihydroxyphenylalanine (L-DOPA) were added to the hemolymph at a final concentration of 8 mM and 2 mM, respectively. The hemolymph solution thus prepared was used as SLP.
Preparation of samples
Crude peptidoglycan was prepared from dried cells of Micrococcus luteus IF0 3333. A 10 g suspension of the dried cells was stirred in 300 ml of 10% trichloroacetic acid for 20 min while being heated in boiling water. This mixture was centrifuged at 10 000 X g for 30 min and the precipitate was collected after cooling. The precipitate was washed 3 times with water and once with 100 ml of 100 mM Tris-HCl buffer (pH 7.5) containing 20 mM MgCl, and 1 mM CaCl,, and suspended in 100 ml of the same buffer containing 28 mg of trypsin. The suspension was stirred at 37°C overnight. A crude cell wall fraction was harvested by centrifugation at 10000 X g for 20 min, and washed 10 times with water. The washed cell wall fraction was lyophilized and used as a crude peptidoglycan preparation. Other cell wall preparations of Gram-positive bacteria were the gift of Dr. A. Yokota, Institute for Fermentation, Osaka, Japan. All cell wall preparations were suspended in water and sonicated for 10 min with Bioruptor UCIOO-D2 (OLYMPUS, Tokyo, Japan).
Curdlan (Wako) purified from Alcaligenes faecalis var. myxogenes IF0 13140 was used as a (1 --, 3)-P-D-glucan [8] . The degree of polymerization (DP) of curdlan was approximately 500. Lichenin (Carl Roth GmbH Co., Karlsruhe, FRG), laminaran (Tokyo Kasei Ltd., Tokyo, Japan), laminarin (Nacalai Tesque Inc., Kyoto, Japan), lentinan (Yamanouchi Pharmaceutical Co. Ltd., Tokyo, Japan), and zymosan A (Sigma Chemical Co., St. Louis, MO) were used as glucans containing p-1,3-glucosidic linkages. Other glucans used included amylose (Wako), amylopectin (Nacalai), glycogen (Wako), pullulan (Hayashibara Co., Okayama, Japan), dextran (Wako), and cellulose (Merk, Darmstadt, FRG). Other polysaccharides included were agarose (Wako) and kcarrageenan (Zushikagaku Laboratory Inc., Zushi, Japan) as galactans, inulin (Wako) and levan (Sigma) as fructans, and mannan (Tokyo Kasei). Digested curdlan preparations with different DP, fractionated by column chromatography, were the gift of Dr. T. Asano, Takeda Chemicals, Osaka, Japan. Curdlan, lichenin, laminaran, laminarin, lentinan, zymosan A, and amylose were dissolved in 50 mM NaOH. Others were dissolved or suspended in water.
Sources All samples were prepared at the concentration of 1 mg ml-', and diluted with water to make lo-or 2-fold dilution series. Water used for this study was purchased from Otsuka Pharmaceutical Co. Ltd., Downloaded from https://academic.oup.com/femspd/article-abstract/15/2-3/129/584623 by guest on 10 October 2018
Tokyo, Japan. Glassware and spatulas used were dry heated at 250°C for 2 !h.
Measurement of peptidoglycan and (I + 3)-/3-D&can with SLP
Equal volumes of SLP and test fluid were mixed in a test tube for the Toxinometer or a well of a microplate. The reaction was performed at room temperature (20-25°C.) or 30°C. Curdlan and crude peptidoglycan were used as a (1 -+ 3)-p-n-glucan standard and a peptidoglycan standard, respectively.
The visual method for the semi-quantitative SLP test was done by observing a colour change visually. The end-point was defined as the minimum concentration of the (1 + 3)-p-o-glucan standard or the peptidoglycan standard which caused recognition of PO activation.
The kinetic calorimetric method for the quantitative SLP test was done in a tube reader, Toxinometer ET-301 (Wake) [9] , and in a microplate reader, THERMOmax (Molecular Devices, Co., Sunnyvale, USA). The activating time Ta on the Toxinometer was defined as the reaction time taken for the percent transmittance of a reaction mixture to reach a threshold value Th (Fig. 1) . To avoid a false positive caused by noises of turbidity change in the reaction R, '1 rr Curdlan and crude peptidoglycan preparation was used as P-glucan and peptidoglycan standards, respectively. End-points (EP) of p-glucan and peptidoglycan were 15.6 pg/ml and 1.25 ng/ml, respectively. NC: negative control. mixture, Th was set at 94.9% which is often used in the Limulus amebocyte lysate test for the detection of endotoxins with the Toxinometer. For the THERMOmax, the onset time was defined as the reaction time taken for the absorbance at 650 nm of a reaction mixture to reach Th which was set at 0.01. Starting concentrations were calculated from a standard curve using a logarithmic plot of the concentrations of the standard versus Ta or the onset time.
Results
Visual observation of SLP activation with peptidoglycan and (1 --f 3)-p-D-glucan
Curdlan and crude peptidoglycan activated SLP. The activation of SLP was visually recognized by a change in colour of the reaction mixture (Fig. 2) . The end-points of curdlan and crude peptidoglycan in the SLP test at 30°C for 60 min were 15.6 pg ml-' and 1.25 ng ml-', respectively.
Dose-response curves of peptidoglycan and (1 -+ 3)-P-o-glucan
Dose-response curves of crude peptidoglycan and curdlan were obtained with the Toxinometer and the THERMOmax (Fig. 3) . The higher the starting concentration of the standard, the shorter the Ta or the onset time. 
Reactivity of Gram-positive bacterial cell wall preparations with SLP
Cell wall preparations from 12 Gram-positive bacteria were tested with the quantitative SLP test (Fig.  4) . Although all cell wall preparations reacted with SLP, the reactivity varied.
Reactivity of lipopolysaccharides with SLP
Most of the lipopolysaccharides tested had at least a lo5 times lower activity than that of curdlan. E. coli Ra type LPS displayed 5.65 X 10m5 the activity of curdlan, but approximately 70% of the activity was lost after lysozyme treatment (data not shown).
Reactivity of polysaccharides with SLP
Fig . 5 shows the reactivity of polysaccharides with SLP. Curdlan displayed the highest activity. Digested curdlan preparations with DP between 49 and 131 displayed comparable reactivity to intact curdlan, however, low DP preparations (DP: 26, 14) displayed lower reactivity. Glucans containing p-1,3-glucosidic linkages displayed relatively high activity. Other glucans, galactans, and fructans had at least a lo5 lower activity than that of curdlan.
Discussion
SLP contained all of the factors of the prop0 cascade in silkworm hemolymph. Activation of SLP was visually recognized by a black or dark blue colour formation caused by melanin production when L-DOPA was added as a substrate for PO. This reaction was used in the semi-quantitative visual SLP test. The degree of SLP activation was also quantitatively measured by the kinetic calorimetric method, which is similar to the kinetic turbidimetric LimuEus test for endotoxin detection [lo] .
SLP reacted with cell wall preparations purified from Gram-positive bacteria, a major component of which should be peptidoglycan.
Since sonication caused the reactivity of the Micrococcus peptidoglycan with SLP to be higher, dispersion of peptidoglycan is important for reaction with SLP. The chemical structure of peptidoglycan required for the activation of the prop0 cascade should be studied. The reactivity of SLP with dried cell suspensions of various Gram-negative bacteria was also examined; Salmonella typhimurium and Pseudomonas aeruginosa displayed comparable reactivity (1.02 X lop3 and 9.77 X 10m4 g-peptidoglycan g-', respectively) with the cell wall preparations of Gram-positive bacteria. Although peptidoglycan in Gram-negative bacteria is covered with an outer membrane, it probably reacts with SLP.
Polysaccharides containing a 1,3-@glucosidic linkage displayed high reactivity with SLP. This reactivity agrees with the results reported by Ashida et al. [ll] . The degree of polymerization also affected the reactivity of (1 + 3)-p-D-glucan with SLP. The higher the degree of polymerization, the higher the reactivity with SLP. At about 50 or higher in the degree of polymerization, the reactivity reached its highest point. No reactivity was observed with laminaribiose (data not shown). These results indicate that highly polymerized (1 + 3)-P-o-glucans are required for SLP activation with polysaccharides.
LPS displayed very low or no reactivity with SLP. In addition, the LPS preparation derived from E. coli Ra lost its reactivity after lysozyme treatment. LPS may be contaminated with peptidoglycan, and therefore reactivity of LPS is insignificant in the SLP test.
In conclusion, SLP reacts with peptidoglycan and (1 + 3)-P-D-glucan but not with LPS. The SLP test is the first known method to measure intact peptidoglycan. Since peptidoglycan is a cell wall component of Gram-positive and Gram-negative bacteria, SLP is useful for the detection of bacteria. Most yeast and fungi contain (1 --+ 3)-P-o-glucan in their cell wall. Therefore, this test can be used for the detection of total microbial contamination.
